bers of the RNaseD family of 3Ј to 5Ј exonucleases, and
tants (Hata et al., 1998). Together, these observations suggested that the Ccr4p/Caf1p complex might be involved in mRNA turnover.
Ccr4p and Caf1p Are Required In this study, we examined the role of Ccr4p and Caf1p
for mRNA Deadenylation in mRNA turnover. We determined that both CCR4 and To understand the role of Ccr4p and Caf1p in mRNA CAF1 gene products are required for normal rates of turnover, we determined whether the ccr4⌬ and/or deadenylation in vivo. We demonstrate that both Ccr4p caf1⌬ strains were altered in deadenylation, decapping, and Caf1p localize primarily to the cytoplasm where or 5Ј to 3Ј exonuclease digestion. To address this quesmRNA turnover occurs. Finally, we show that the Caf1p tion, we analyzed the decay of the MFA2pG and copurifies with deadenylase activity in vitro and does PGK1pG mRNAs in the ccr4⌬ and caf1⌬ backgrounds so in a Ccr4p-dependent manner. These observations by a transcriptional pulse chase (Decker and Parker, indicate that the Ccr4p/Caf1p complex encodes the pri-1993). In this experiment, we utilize the carbon source mary cytoplasmic deadenylase in yeast. These data also regulation of the GAL UAS to rapidly induce and then imply that the Ccr4p and Caf1p homologs that exist in repress transcription of these reporter mRNAs. This proother organisms will serve similar roles as cytoplasmic duces a pool of newly transcribed mRNAs whose metabdeadenylases. olism can be followed over time to observe deadenylation and subsequent decay of the mRNA.
Results
Comparison of transcriptional pulse chases for the MFA2pG and PGK1pG mRNAs in ccr4⌬ and caf1⌬ Ccr4p and Caf1p Are Required for Normal strains identified two differences from wild-type strains Rates of mRNA Turnover (Figure 2 ). First, in both ccr4⌬ and caf1⌬ strains, the To examine if Ccr4p and Caf1p had a role in mRNA rates of deadenylation for MFA2pG and PGK1pG were turnover, we first determined if they affected the halfimpaired. The poly(A) tail of the MFA2pG mRNA in wildlives of yeast mRNAs. We examined the decay of the type shortened at a rate of approximately 13 nucleotides MFA2pG and PGK1pG reporter transcripts (Decker and per minute, with a significant percentage of the populaParker, 1993). These transcripts are under the control tion reaching an oligo(A) length of 10-12 nucleotides in of the GAL1 UAS, thereby allowing the measurement of 4 to 6 min ( Figure 2A ). In contrast, in both the ccr4⌬ and decay rates following the addition of glucose to repress caf1⌬ mutant strains, the MFA2pG deadenylated at a transcription. In addition, these mRNAs contain a poly(G required for the turnover of a number of yeast mRNAs. 
Ccr4p and Caf1p Are Present in the Cytoplasm
The above experiments indicated that the Ccr4p and Caf1p had a role in cytoplasmic deadenylation. While prior work has suggested a nuclear, transcriptional role for these proteins, this may not be their sole function. If Ccr4p and Caf1p are directly involved in deadenylation, at least a portion of these polypeptides should be present within the cytoplasm. To determine the subcellular distribution of Ccr4p and Caf1p, we constructed chromosomal CCR4 and CAF1 genes with multiple Myc epitopes on their C termini and localized these proteins by immunofluorsecence (see Experimental Procedures). These epitope-tagged proteins were functional as assessed by both growth and mRNA turnover phenotypes (data not shown). Importantly, detection of the fusion Since both Ccr4p and Caf1p were required for deadenylation in vivo, localized to the cytoplasm, and had significant homology to known nucleases, we hypotheboth MFA2pG and PGK1pG measured slightly shorter sized that a complex containing minimally Ccr4p and at 14-20 adenosines (Figure 3, lane 4) . We also observed Caf1p would constitute the mRNA deadenylase. This that in a ccr4⌬/caf1⌬ double mutant, the end point of possibility is supported by prior work demonstrating deadenylation was the same as in a ccr4⌬ strain (Figure that Purified FLAG-Caf1p/Ccr4p and associated proteins in deadenylation seen in a ccr4⌬ strain as compared to a caf1⌬ strain (see above) suggested that Ccr4p was were then assayed for their ability to deadenylate an mRNA substrate in vitro. A 5Ј labeled, capped mRNA, critical to the action of the deadenylase. Given this, we determined if the nuclease activity that copurifies with synthesized in vitro with a 49-nucleotide body and a poly(A) tail length of approximately 20 to 40 adenosines Caf1p was dependent on Ccr4p by purifying FLAG-Caf1p from a ccr4⌬ strain. In these fractions, we obtain Caf1p, was incubated with purified FLAG-Caf1p extracts and analyzed at various times on 6% polyacrylamide gels. and several other associated proteins, but not Ccr4p (data not shown, see Discussion). This FLAG-Caf1p We observed that shorter species of the input RNA appeared over time. Since the substrate is 5Ј labeled, these preparation was no longer capable of deadenylation in vitro as shown in Figure 5B . This observation indicated shorter species represent trimming from the 3Ј end. We also observed that a new species accumulated of the that Ccr4p is essential for the FLAG-Caf1p-purified deadenylase activity. Together, the above results indicorrect length to represent a fully deadenylated substrate ( Figure 5A ). These conclusions were also supcate that the Ccr4p and Caf1p are components of the major cytoplasmic deadenylase in yeast. ported by the observation that removal of the poly(A) tail with oligo(dT) and RNaseH shortens the input mRNA as expected but does not shorten the product produced The Pan2p/Pan3p Exonuclease Represents a Second mRNA Deadenylase in vitro (data not shown). The accumulation of the deadenylated RNA suggested that the nuclease activity presBecause ccr4⌬, caf1⌬, and ccr4⌬/caf1⌬ strains show residual deadenylation (Figures 2 and 3) , there must be ent in these fractions is not active on non-poly(A) sequences. This conclusion is also supported by the one or more additional mRNA deadenylases. We hypothesized that either the exosome or the Pan2p/Pan3p observation that incubation of the purified FLAG-Caf1p extracts with a 5Ј labeled, capped mRNA substrate of nuclease carried out this residual deadenylation. The exosome is a multi-subunit enzyme responsible for a 134 nucleotides lacking a poly(A) tail failed to show any significant shortening from the 3Ј end ( Figure 5C ). No variety of 3Ј to 5Ј RNA processing and RNA degradation events including 3Ј to 5Ј decay of the mRNA body follownuclease activity was observed when we purified a FLAG-Cup1 fusion protein from a wild-type strain (data ing deadenylation (reviewed in van Hoof and Parker, 1999). The Pan2p/Pan3p nuclease is a poly(A)-specific not shown) and performed deadenylation assays on these extracts. These observations indicate that a poly(A)-nuclease (PAN) thought to catalyze the initial trimming of the nascent poly(A) tail (Brown and Sachs, 1998). specific nuclease copurifies with Caf1p. Two observations argue that this activity is a 3Ј to 5Ј exonuclease.
To address whether the exosome or PAN activity was responsible for the observed deadenylation in ccr4⌬ First, the gradual shortening observed over time of the polyadenylated substrate is consistent with an exostrains, we first created a ccr4⌬/ski2⌬ double mutant strain. Ski2p has been shown previously to be required nucleolytic mode of action. Second, use of a substrate with a 32 P-labeled adenosine tail led to the release of for cytoplasmic exosome function (Anderson and Parker, 1998) and is a reasonable marker for the potential labeled product that comigrated with 5Ј AMP by TLC analysis ( Figure 5D) . involvement of the exosome in cytoplasmic functions. The ccr4⌬/ski2⌬ strain grew at the same rate as a ccr4⌬ Our analysis indicated that Ccr4p was required for deadenylation in vivo. Moreover, the stronger defects strain and in vivo mRNA analysis indicated the same defect in deadenylation as a ccr4⌬ strain (data not vation of both decapping and 3Ј to 5Ј exonucleolytic degradation of the mRNA body leads to cell death (Anshown). This suggested that the cytoplasmic exosome derson and Parker, 1998). Several observations indicate was not responsible for the residual deadenylation seen that strains defective in deadenylation eventually dein ccr4⌬ and caf1⌬ strains. However, these results do grade their mRNAs by a slow decapping step that bynot rule out the formal possibility that the exosome may passes the need for deadenylation to an oligo(A) tail be involved in the deadenylation process in a Ski2p-of 10-12 residues. First, even with defects in poly(A) independent manner. shortening, these strains still produced the poly(G) deTo examine the role of the Pan2p/Pan3p nuclease, we cay intermediate that normally arises due to decapping constructed a ccr4⌬/pan2⌬ double mutant. This ccr4⌬/ and 5Ј to 3Ј exonuclease digestion (Figure 3) . Second, pan2⌬ double mutant strain grew very slowly suggesting the decay intermediates produced in these strains had some overlap in function (data not shown). Moreover, substantial poly(A) tails as indicated by the size change analysis of the decay of the MFA2pG and PGK1pG when samples were treated with RNaseH and oligo d(T) mRNAs in the ccr4⌬/pan2⌬ double mutant strain by a (Figure 3, e. g., lane 3 versus lane 9). We observed that transcriptional pulse chase showed that the transcripts the poly(A) tails on the mRNA decay fragment were apfailed to undergo any significant shortening of their poly(A) proximately 14-22 nucleotides in the ccr4⌬ and caf1⌬ tails (Figure 6 ). This demonstrated that the residual strains (Figure 3, lane 3 and 4) , and are roughly 70-75 deadenylation seen in a ccr4⌬ strain requires Pan2p. nucleotides long in the ccr4⌬/pan2⌬ double mutant The simplest interpretation of these observations is that (Figure 3, lane 5) . This is similar to the shortest poly(A) PAN is the only other significant mRNA deadenylase in tail length observed on the full-length mRNA and sugyeast. In addition, it should be noted that the MFA2pG gests that the decay fragment is being generated after and PGK1pG mRNAs are extremely stable in the ccr4⌬/ partial deadenylation of the mRNA. Finally, both the pan2⌬ strain since they do not appreciably decay and ccr4⌬ and caf1⌬ deletions were synthetically lethal with no decay fragments are produced over a period of two dcp1⌬ mutants (data not shown). Since DCP1 encodes hours (Figure 6 ). This provides additional evidence that the decapping enzyme, this argues that decapping is deadenylation is a prerequisite for later steps in mRNA required for the residual mRNA decay seen in these turnover.
strains. However, we cannot rule out the formal possibility that mRNA decay is occurring by a novel general ccr4⌬, caf1⌬, and ccr4⌬/pan2⌬ Strains endonucleolytic mechanism.
Aberrantly Degrade mRNAs Prior
It is important to note that these decay intermediates to Complete Deadenylation were produced in the ccr4⌬, caf1⌬, and ccr4⌬/pan2⌬ Since ccr4⌬, caf1⌬, and even ccr4⌬/pan2⌬ strains were strains at significantly lower levels and at much later viable, mRNA turnover must be occurring by some time points relative to wild type (Figures 2 and 6 ). This provides additional evidence that deadenylation is normechanism. This is based on the observation that inacti- 2000) . Within this family, true CCR4 orthologs have been that the initial shortening of nascent poly(A) tails from ‫09ف‬ residues to ‫07-55ف‬ in a mRNA-specific manner is identified that contain both the leucine-rich repeat do-
